Introduction
Lead (Pb) free electroplating has been attracted considerably because Pb tends to be eliminated from electronic devices according to the RoHS in EU in recent years. However, whisker forms remarkably under deformation in Pb-free Sn electroplated layer, lowering reliability of electronic devices. The mechanism for the whisker formation has been investigated [1 -10] , but is still under discussions.
In the present investigation, the nucleation and growth mechanism of Sn whisker has been proposed based on the results obtained using bulk Sn.
Experimental Procedures
Two specimens of pure bulk Sn were cut into the parallelepiped shape of 15mm×50mm×3mm, and they were kept with and without tensile stress of around 15 MPa for 20 days, respectively, using the tensile test equipment of Shimadzu Autograph AG-10kNIS. The microstructures of specimens were observed by an optical and a scanning electron microscopes. The ultra-high voltage transmission electron microscope (UHVEM, Hitachi H-3000) is used under an accelerating voltage of 2000 kV for observing microstructures inside whisker in diameter around 3 µm without thinning the whisker. The microstructures were recorded with video system. Figure 1 shows nodular whiskers (encircled areas). The diameter of whisker is much smaller than grain size (average Sn grain size is 35µm). It is characteristic that whiskers form mainly around grain boundaries. Figure 2 is the enlarged photos of Fig. 1 , showing nodular whiskers. In the case of the Sn without the tensile stress, the number density of whiskers is greatly lower than that of the Sn with the tensile stress. It is obvious that the tensile stress enhances the formation of whiskers.
Results and Discussion
According to the above results, nucleation of whiskers would be affected by the inhomogeneity of the deformation, namely, heavy deformation occurs only inside each slip band (see Fig. 3 , showing slip bands in strain-annealed Sn crystal, whose average grain size is 3 mm). The deformation induces multiplication of dislocations and their conservative motions, resulting in their local accumulation around grain boundary. There exist remarkable slip bands on bulk Sn surface, and it could be suggested that high density of dislocations localized around the ends of slip bands at grain boundary consist of both screw and edge dislocations, because various directions of slip bands due to the operations of various slip systems accumulate around grain boundary. The motion of screw dislocations form steps on Sn surface in atomic scale (Fig. 4 ). The steps on Sn surface tend to trap Sn atoms and/or their aggregates migrating on Sn surface, because the step has combination sites with Sn atoms. Such process would form spiral steps around the end of screw dislocations at Sn surface. The height of a step is one atomic distance, and the spiral step continues to increase with increasing trapped Sn atoms [11, 12] . However, the spiral steps combine with each other when screw dislocations are densely localized by deformation [11, 12] . When Sn atoms migrate into the valley between spiral steps (designated as "V" in Fig. 4 ), Sn atoms are easily combined with spiral steps, resulting in reduction of surface energy of spiral steps. The regions where screw dislocations are densely localized act as nucleation sites for whiskers because diffusing Sn atoms on crystal surface are preferably captured in the region. The shape of whiskers would depend on arrangements of high 5 µm 5 µm density of dislocations accumulated around grain boundaries. Some examples could be shown as follows. In the case of screw dislocations being densely localized and normal to the crystal surface [13] , the height of step on surface due to the screw dislocations is the maximum (one atomic distance per a screw dislocation). Sn atoms migrating on the surface are easily trapped with high density of spiral steps, and would make whisker grow straight. On the other hand, in the case of a grain boundary inclining relatively to crystal surface, dislocations incline relatively to crystal surface under the applied tensile stress. In this case, the height of a step due to a screw dislocation is given by |b|sinθ, where |b| is the size of Burgers vector and θ the angle between the Burgers vector and the bulk Sn surface. The height of step formed on the Sn surface is lower compared with the case that the screw dislocation is normal to the Sn surface. This would lead that Sn atom is difficult to be trapped with the step on crystal surface effectively. Then, the Sn atoms migrating on the surface tend to be captured in the wider region compared with that where screw dislocations are piled up normal to the surface by the external shear stress, resulting in the formation of nodular whisker [13] . It could be summarized that when the height of step on the surface due to screw component of dislocation is larger, the nucleation of straight whisker would be easily occur.
For the growth of whisker, it is indispensable that Sn atoms are supplied from the bulk Sn into whisker. The dense localization of edge dislocations at the same place where screw dislocations exist is also indispensable, because pipe diffusion of Sn atoms should occur along edge dislocations. The pipe diffusion of Sn atoms along edge dislocations facilitates the supply of Sn atoms from bulk Sn into whisker. In the case of low density of edge dislocations, growth rate of whisker would be low because it is difficult to supply Sn atoms. The whisker formation is then promoted in the case of both screw and edge dislocations being densely localized and normal to the surface. As shown in Fig. 3 , whisker is nucleating at the location where many slip bands collide with each other and high density of both screw and edge dislocations would be piled up. In the case of Sn whose crystal structure is tetragonal, (c/a) = 0.55, the edge dislocation is analyzed to have the Burgers vector of b = <101>, which has been clarified to be easily multiplied on {101) planes [13] . The magnification of the b = <101> is relatively larger than others in Sn, that is, the space neighbor to the extra half-plane of the edge dislocation is larger and the pipe diffusion of Sn atoms along the edge dislocation would be easily enhanced.
The growth process of whisker has been discussed. The straight whisker would bend during its growth. Whisker often bends at its root with or without the change in crystallographic orientation (C.O.). Just after the start of growth (nucleation) of whisker, both dense screw and edge dislocations piled-up in bulk Sn would be inherited into whisker, and high density of them are almost normal to the top surface of whisker. However, all the dislocations would move almost along the same direction as those in the bulk Sn, because the external shear stress on dislocations in the bulk Sn acts on those inside whisker. Furthermore, it could be suggested that stress would be free on the whisker surface. It is reasonable that dislocations with opposite sign of Burgers vectors (hereafter, referred to as image dislocations) against the dislocations inside whisker are assumed to exist at mirror-symmetry positions with respect to the whisker surface. The dislocations inside whisker and the image dislocations would attract with each other (hereafter, 'the attractive force' is referred to as image force), and they tend to combine with each other and disappear at the whisker surface. Therefore, the dislocations within whisker would move toward the whisker side-surface, resulting in the inducement 
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of dislocation bending inside the whisker and the dislocation intersects with the side-surface of whisker, forming slip bands on the side-surface of whisker [13] . The dislocations tend to become normal to the side-surface of whisker to decrease dislocation energy as shown in Fig. 5 . The bent dislocations in Fig It is often observed that a whisker bends more than two times after long interval, suggesting that recovery due to Sn diffusion would be necessary to release the tangle of dislocations which are epitaxially inherited from the piled-up dislocations by deformation in bulk Sn. After the recovery, dislocations would become mobile by both the external shear stress and the image force. For example, in addition of the effects of the external shear stress and the image force, the formation of helical dislocations due to the reaction of Sn atoms with jogs of screw dislocation could occur, and the helical dislocations with edge component could form SATB through the elastic interaction among them, inducing the small amounts of change in C.O. as shown in Fig. 9 .
The bending of dislocations changes their natures, namely, screw and edge dislocations bent near the whisker side-surface change into edge and screw dislocations, respectively (Fig.5 ). This phenomenon could induce the whisker growth from its root [9] . As the thickness of whisker is large, about 2 µm, dislocations on the SAB could not be observed, but the conditions of Bragg reflection are slightly different between the SAB, inducing the different brightness (see also Fig. 8 ).
Migrating Sn atoms in bulk Sn are supplied into whisker though the pipe diffusion only along edge dislocation, but Sn atoms scarcely migrate along screw dislocation which is formed by the bending of edge dislocation. Sn atoms supplied as jogs of edge dislocation would be released from the edge dislocation around its bending area where edge dislocation changes to screw one. In order to lower the edge dislocation energy which increases by the jogs of Sn atoms, namely, the increase in dislocation length, the jogs of Sn atoms would easily dissociate from the edge dislocation, resulting in diffusion of Sn atoms into whisker [13] . Concentration of vacancies in whisker would be lower than that in bulk Sn, because a unit volume of whisker has more amount of surface where vacancies disappear than a unit volume of bulk Sn has. Then, vacancy migrates into whisker along the concentration gradient of vacancies. Sn atoms dissociated from edge dislocations, which are densely accumulated also within whisker by continuous loading (deformation) of bulk Sn, easily diffuse into whisker, and the growth of whisker occurs remarkably near its root. Vacancies would disappear at the edge dislocation (the dislocation becomes straight and short by the absorption of vacancies) by its replacement with Sn jogs at the edge dislocation. The repeat of both the replacement of Sn jogs on edge dislocation and vacancies and the pipe diffusion through new formation of Sn jog on the edge dislocation would induce the growth of whisker near its root. Whisker tends to maintain the shape of cross-section macroscopically in the course of growth. This phenomenon is likely to occur in order to suppress the increase in surface energy, inducing the growth of whisker being enclosed by preferred crystallographic planes.
It could be suggested that the motion of dislocations induces deformation of whisker with or without crystallographic rotation of whisker. The dislocation motion, the elastic interaction between dislocations, the image force or both accumulation and configuration of dislocations in bulk Sn would induce unexpected change in the shape of whisker.
According to the observation of oxide film on Sn whisker, the oxide film is the amorphous containing small crystallites of Sn oxide as shown in Fig. 8 , also being clarified due to the electron diffraction taken from the oxide layer. It could be suggested that the thickness of the oxide film would not depend on the Sn grain, and the oxide film would not be a controlling for whisker formation. 
Conclusions (1) Densely localized screw dislocations would induce the nucleation of whisker, because the trapping sites for Sn atoms migrating on surface are supplied by the screw dislocations. (2) It would be necessary that both screw and edge dislocations are densely accumulated in the localized region (e.g. around grain boundary) for the nucleation and growth of whisker. The accumulation of dislocations by the operation of various slip systems is indispensable to supply both screw and edge dislocations at a localized region. (3) Edge dislocations at the same area where dense screw dislocations exist are necessary for supplying Sn atoms from the bulk Sn into whisker through pipe diffusion along the edge dislocations. (4) The change in the shape of whisker (e.g. the bending of whisker) would be due to conservative motion of dislocations with maintaining the state of single crystal in whisker and the formation of SAB with the change in C.O. in the regions across SAB. (5) Growth of whisker from its root is due to the bending of edge dislocation in whisker by both the external shear stress and the image force. The bending of edge dislocation changes its nature to screw one around the root of whisker. Around the whisker root, Sn atoms accumulated as jogs of edge dislocation by the pipe diffusion would dissociate from the edge dislocation around the bending area of edge dislocation to decrease the edge dislocation energy, namely, shorten the edge dislocation. (6) It could be suggested that the above mechanism acts also in electroplated Pb-free Sn layer on Cu based practical materials, because large stress fields exist also in the electroplated Sn layer.
